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Introduction

The intestinal epithelium functions as a major local defence barrier. In healthy individuals the intestinal barrier is constituted of an intact layer of epithelial cells, which are tightly connected by membrane fusions of tight junction (TJ) [1]. The intercellular TJ plays crucial roles for the intestinal epithelium. TJs provide the protective barrier between the lumen and paracellular space. It acts as a physical and functional barrier against the penetration of bacteria and dynamically regulates the exchange of solutes and ions
. Impairment of epithelial barrier function could therefore result in an increased susceptibility to infection and inflammation [3] [4] [5] . [6, 7] . And increased epithelial apoptosis led to increase in paracellular permeability [8] .
Ischaemia-reperfusion (I/R) injury is a common clinical event, which is manifested as mucosal damage and a breakdown of the intestinal barrier function. Several reports have indicated that I/R could induce apoptosis in rat intestine
However, the molecular basis for barrier dysfunction in I/R is not understood in detail.
Primary components of TJs are transmembrane elements such as occludin [9, 10] and the claudins [11] as well as peripheral membrane proteins ZO-1 [12] . Impaired intestinal TJ has been described in the pathological conditions such as stress, burn injury and inflammatory bowel disease [13] [14] [15] [16] [17] . Alterations in TJ architecture was mainly attributed to redistribution of the TJ proteins [1, 18] . Changes in expression and distribution of claudins lead to discontinuous TJs in active Crohn's disease (CD) [19] . I/R injury leads to destruction of the intestinal epithelial barrier function in part due to the release of pro-inflammatory cytokines [20, 21] . Our previous study demonstrated alteration of TJ protein expression by pro-inflammatory cytokines [22] . Since [23] . The differences in distribution of occludin were noted during I/R injury [24] . Previous studies have demonstrated that claudins 1, 3 and 5 are present in the colon [25, 26] . Based 
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Materials and methods
Chemicals and reagents
EZ-link Sulfo-NHS-Biotin was obtained from Pierce Chemical Co. (IL, USA
Animal model
Isolation of detergent resistant membranes and Western blot analysis
The DRMs of TJs were isolated according to the previous method [16] . 
Results
I/R injury caused mucosa damage
The intestinal tissue damage induced by I/R injury was examined with light microscopy. As shown in Fig. 1A , I/R caused significant tissue damage, which ranged from villous denudation to focal necrosis, ulceration, haemorrhage and architectural disintegration. (Fig. 1B) . In addition, the degree of histological destruction increased as the reperfusion period was prolonged (Fig. 1A and B) . boundary of the colonic epithelium and did not penetrate into the tissue in the control ( Fig. 2A and B) . This staining pattern was markedly different and biotin/ streptavidin staining was noted deep to the epithelial surface at 1 hr of reperfusion ( Fig. 2A and C) . And fluorescent labelling was observed within and between many colonic epithelial cells at 3 hrs of reperfusion ( Fig. 2A and D) . It produced a vibrant signal that extended well into the lamina propria and resulted in staining throughout the tissue following 5 hrs I/R injury ( Fig. 2A and E) . This indicates that the epithelial barrier was significantly disrupted by I/R injury. (Fig. 4) (Fig. 4) . (Fig. 5A-C) . Following I/R injury,
Impairment of barrier function by I/R injury
We incubated the colon of I/R injury rats with a molecular tracer (biotin) to determine if the epithelial barrier in the colon was functionally altered in I/R injury. The biotin tracer lined the luminal © 2009 The Authors Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd
Fig. 2 Barrier permeability micrographs of I/R injury. (A) Low magnification confocal projections of a biotin tracer to assess barrier permeability using control and I/R rat tissue. (B-E) Higher magnification of biotin-and DAPI-treated colon tissue of control and I/R rat. Biotin is held to the luminal border in control tissue (A, B). Biotin staining was deep to the epithelial surface at 1 hr of reperfusion (A, C). The fluorescent labelling was observed within and between many colonic epithelial cells after 3 hrs (A, D). Biotin signal extended into the lamina propria and resulted in staining throughout
. In I/R injury rats, alteration of TJ ultrastructure was observed. Less electron-dense materials were present between the adjoining cells near the brush border, which indicated the disruption of normal TJ morphology. And the amounts of microvillus decreased and the length and arrangement were irregular
Confocal laser scanning microscopy of tight junction proteins
To assess TJ disruption in vivo caused by I/R injury, we compared claudin-1, -3 and -5 localizations in tissue sections from I/R injury rats as well as control. The characteristic staining pattern of claudin-1, 3 and 5 localization remained along the lateral cell boundaries in the control
Fig. 3 Analysis of apoptosis and necrosis in colons of I/R injury rats. (A) Representative TUNEL stains in colon tissues obtained from sham-operated and I/R rats. Apoptotic cells were shown as bright green fluorescence staining. (B) Detection of necrosis with PI staining. The DAPI (blue) and PI (red) fluorescence were shown. Quantitative analysis of TUNEL ϩ cells (C) and necrotic cells (D) in the colon at various time-points of reperfusion after 1 hrs ischaemia. White arrows depict TUNEL ϩ cells (A) and necrotic cells (B).
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localization of claudin-1, -3 and -5 in tissue sections altered compared with control (Fig. 5A-C). A significant alteration of the disruption of immunofluorescence signal for claudin-1, -3 and -5 was observed in tissue sections of I/R injury rats. An irregular distribution pattern of claudin-1, -3 and -5 was found following I/R injury (Fig. 5A-C). Claudin-1 showed a tight junctional staining in controls (Fig. 5A) and it stained weakly in the upper part of the crypt (Fig. 5A) in tissue sections of I/R injury. Claudin-3 was redistributed from the crypts and surface to the lateral plasma membrane (Fig. 5B) and claudin-5 showed a diffuse cytoplasmic staining (Fig. 5C) following I/R injury. Claudin-3 expression in the tips of the villi was decreased at 5 hrs after I/R. In control claudin-5 showed a regular expression on the tips of the villi, whereas in I/R groups the staining pattern of claudin-5 was partly disrupted and irregular at the apical surfaces. The expression of claudin-5 was decreased in the tips of the villi and strong expression was observed in the basal part of the villi. These results further confirm our findings that TJ was disrupted in the presence of I/R injury.
Moreover, the observed alteration of claudins localization seemed to be correlated with intestine barrier permeability. Fig. 6C and D) , ZO-1 ( Fig. 6E and F Because disruption of the TJ may be a relatively major part of the pathology of ischaemia through altered TJ permeability, we examined intestinal barrier after ischaemia/refusion. Permeability studies were performed with a low-molecular weight tracer (Fig. 2) The appropriate localization of claudins at the cell boundaries corresponds to intact TJs whereas the redistribution of localization of claudins corresponded to functional TJ deficiencies in the colon by pathogen invasion [32] . Previous studies have demonstrated that claudins 1, 3 and 5 are present in the colon [25, 26] (Fig. 5) . Moreover, expression of claudins followed a differential localization from the tip of the villi to the crypts. I/R caused the expression of claudin-1 and -5 decreased dramatically both in the villi and the crypts (Fig. 5) (2,4,6-trinitrobenzenesulfonic acid) in rats, which demonstrated that the expression and distribution of TJ proteins were altered in colitic rats [16] .
I/R injury changed the expression and distribution of TJ proteins in membrane microdomains of TJ
To assess the effect of I/R injury on the expression and distribution of TJ proteins in membrane microdomains of TJ, we utilized discontinuous sucrose density gradients ultracentrifugation to isolate the DRMs of TJs, and the expression of claudins, occludin and ZO-1 in detergent-insoluble and detergent-soluble fractions was determined. To confirm the localization of DRMs within the sucrose gradients, we used caveolin-1 as a marker. In control rats, caveolin-1 was found mainly (92.6%) in TX-100 insoluble fractions (fractions 3-5), However, after I/R treatment it was displaced from TX-100 insoluble fractions to TX-100 soluble fractions (fractions 6-9) (Fig. 6A and B). And only 2.6% of caveolin-1 was present in TX-100 insoluble fractions. The distribution of occludin (
TJs are one of the major determinants of epithelial barrier function. The disruption of TJs can lead to increased paracellular permeability after intestinal ischaemia [33, 34] 16] and ulcerative colitis [35, 36] . These studies revealed breaks of TJ strands, and the expression and distribution of TJ proteins were changed. In our study, it was shown that the redistribution of TJs proteins might lead to disruption of intestinal barrier function and increased epithelial permeability during I/R. Ischaemia and reperfusion injury is associated with the activation of cytokines [37] . Among these inflammatory cytokines produced in I/R, tumour necrosis factor (TNF)-␣ plays an important role in reperfusioninduced tissue injury and lethality [38] . In the previous studies we found the altered distribution of TJ proteins in experimental colitis [16] . Pro-inflammatory cytokines induced alteration of the expression of TJ proteins in TJ membrane microdomains by changing the lipid environment of TJ membrane microdomains [22] . There is also evidence to suggest that the changes in paracellular permeability caused by interferon-␥ and TNF-␣ are associated with marked increases in myosin light chain phosphorylation and the cytokines leading to intestinal barrier dysfunction by the myosin light chain kinase pathway [39] 
